The spin and shape of galaxies at the present day have been well-studied both observationally and theoretically. At high redshifts, however, we have to rely on numerical simulations. In this study, we investigate the shape and spin of minihaloes with masses of M ∼ 10 5 -10 7 M which are of particular interest as they are the sites where the first stars in the Universe form. We analyse a large sample of these minihaloes, selected from a high resolution cosmological simulation. The first minihaloes form at z 24 and by the end of the simulation at z 14 our sample includes ∼ 9000 minihaloes. We find that the spin parameter of the minihaloes follows a log-normal distribution with minimal dependence on redshift. Most minihaloes are prolate, but those formed at the highest redshifts are more prolate than those formed at lower redshifts. On the scale of the virial radius, there is a good correlation between the shape and spin of the gas and that of the dark matter. However, this correlation breaks down in gas which is cooling and undergoing gravitational collapse. We show, contrary to previous assumptions, that although the direction of the spin of the central dense gas correlates well with that of the halo, the magnitude of the spin of the dense gas is uncorrelated with that of the halo. Therefore, measurements of the spin of minihaloes on large scales tell us little about the angular momentum of the gas responsible for forming the first stars.
INTRODUCTION
The leading cosmological model that describes the evolution of our Universe from the Big Bang to the present day is the so-called Lambda Cold Dark Matter model (ΛCDM). In this model, most of the matter content of the Universe is dark (i.e. it does not interact electromagnetically) and dissipationless, with a very low initial velocity dispersion. It dominates the gravitational potential on large scales (entire galaxies, galaxy clusters etc.), with gas and stars generally dominating on smaller scales. Another important feature of the ΛCDM is that structure formation in this model is hierarchical: low mass dark matter haloes, or "minihaloes" form first, with more massive structures forming later due to ongoing mergers and accretion.
Because the gravitational influence of the dark matter dominates on large scales within galaxies, there is consider interest in understanding how the details of the dark matter distribution affect the distribution of the visible matter. In particular, we would like to know how the shape and spin of E-mail: vu412@ix.urz.uni-heidelberg.de the visible matter in a given galaxy relate to the shape and spin of its dark matter halo.
The shape and spin of galaxies at low redshifts has been studied extensively with both observations and simulations (see e.g. Warren et al. 1992; Teklu et al. 2015 , among many others). However, less work has been done on characterising the properties of the small dark matter haloes in which the first Population III (Pop III) stars form. These first objects are minihaloes of masses of ∼ 10 5−7 M (see e.g. the reviews by Bromm 2013; Glover 2013 , and references therein). They are too distant and too faint to observe directly with current telescopes and we therefore have to rely on simulations to increase our understanding of these objects.
Several studies have investigated the shape and spin of high-redshift minihaloes using simulations containing only dark matter (Jang-Condell & Hernquist 2001; Davis & Natarajan 2009 , 2010 Sasaki et al. 2014 ). However, only two studies have investigated the effects on the minihalo properties of including gas (de Souza et al. 2013; Hirano et al. 2014) , even though it is known from studies of lower redshift, more massive haloes that gas cooling can lead to clear changes in the halo shape (Kazantzidis et al. 2004 ).
Moreover, these previous studies primarily focussed on the properties of the minihaloes on scales comparable to their virial radii, and did not explore how the shape and spin of the gas distribution on smaller scales correlates with the halo-scale distribution. However, this is of great interest for understanding whether there is any link between the haloscale properties of the gas and dark matter and the mass distribution of Pop III stars formed in that halo.
A quantity of particular interest here is the spin of the gas. High resolution simulations of the gravitational collapse of gas in high-redshift minihaloes have shown that following the formation of an initial, low-mass protostar, further infall tends to build up a large, gravitationally-unstable disk surrounding this protostar (see e.g. Stacy, Greif & Bromm 2010; Clark et al. 2011b; Greif et al. 2011; Smith et al. 2011; Stacy, Greif & Bromm 2012; Hirano et al. 2014) . Fragmentation of this disk occurs rapidly, and the complex interplay of the fragments profoundly influences the further evolution of the system.
Simplified models of the evolution of Pop III accretion disks in the presence of stellar feedback (e.g. McKee & Tan 2008) suggest that one of the most important parameters determining the final outcome is the angular momentum of the gas on small scales, as quantified by the ratio of the rotational velocity of the inflow to the Keplerian velocity, fKep, evaluated at the sonic point of the inflow. If this is related in a straightforward fashion to the spin of the halo on large scales (as assumed in the model of de Souza et al. 2013 ), then it may be possible to predict the Pop III IMF in a large sample of minihaloes without needing to carry out computationally costly simulations of star formation at extremely high resolution in each minihalo. However, it remains to be established whether there is indeed any link between the large-scale spin and small-scale angular momentum in minihaloes.
The goal of this work is to gain a better understanding of the spin and shape parameters in high redshift minihaloes. We compare these parameters evaluated for the halo as a whole with those characterising the dark matter and gas components individually and also investigate how they vary as a function of scale within the cold, collapsing gas that will ultimately form stars.
Our paper is structured as follows. We start with a brief description of our simulation in Section 2 and discuss our analysis methods in Section 3. The main results of this paper are presented in Section 4. In detail, Section 4.1 focuses on the time evolution of the shape and spin parameter over the redshift range from z = 24 to z = 14. Section 4.2 discusses the individual correlations of these properties between dark matter, gas and the full halo. Furthermore, we investigate in Section 4.3 the correlation between cold, dense central gas and the entire halo. Finally, we summarise our results in Section 5.
SIMULATION
The simulation analysed here is run v0 from Schauer et al. (2018) . In the interests of brevity, we give only a few important details here and refer the interested reader to Schauer et al. (2018) for further information. Our simulation is initialised at redshift z = 200 and runs down to redshift z = 14, assuming a ΛCDM cosmology and cosmological parameters derived from Planck Collaboration et al. (2016) : h = 0.6774, Ω0 = 0.3089, Ω b = 0.04864, ΩΛ = 0.6911, n = 0.96 and σ8 = 0.8159. The dark matter initial conditions are created with MUSIC (Hahn & Abel 2011) , using the transfer functions of Eisenstein & Hu (1998) . The gas is assumed to follow the dark matter distribution initially.
We use the moving mesh cosmological hydrodynamics code arepo (Springel 2010) to perform the simulation. The gas cells are created on an unstructured grid from a Voronoi tessellation and are reconstructed on the hydrodynamical time step (Mocz et al. 2015) . The gas can flow from grid cell to grid cell, and in addition, the cells themselves can move. Time integration is achieved with a Runge-Kutta integration scheme (Pakmor et al. 2016) . Gravity is included for gas cells and dark matter particles using the TreePM method (Springel & Hernquist 2002 ) with a hierarchical octtree (Barnes & Hut 1986 ) for short-range forces, and a Fast Fourier Transform method for long-range forces.
A Hartwig et al. (2015a) , based on previous work by Glover & Jappsen (2007) , Glover & Abel (2008) , Clark et al. (2011) and Glover (2015) . Further details can be found in Schauer et al. (2017 Schauer et al. ( , 2018 .
The simulation has a high resolution throughout its entire volume. We use 1024 3 dark matter particles and initially 1024 3 gas cells for a cosmological box size of (1 cMpc/h) 3 , where c is short for comoving. This results in a dark matter particle mass of 99 M and an average initial gas cell mass of 18.6 M . The softening length is set to 20cpc/h. The gas cells are allowed to refine and de-refine as necessary to keep their masses close to the initial cell mass. For high density gas, we use a Jeans refinement criterion. In order to keep the time step in the simulation reasonable, refinement is stopped if the cell volume decreases below Vmin = 0.1 h −3 cpc 3 . The minihaloes analysed in our study are found via a friends-of-friends algorithm. All dark matter particles that are separated by a distance closer than the so-called linking length are associated with the halo (Davis et al. 1985) . We use the standard linking length of b = 0.2 in units of the mean interparticle separation, which yields haloes with a typical overdensity of ∼200, similar to the value used for defining the virial radius.
We need to ensure that our haloes are well resolved. Many studies use a threshold of at least 100 particles for their selection of minihaloes (see e.g. Wise et al. 2012) . However, Sasaki et al. (2014) show that this is not enough to allow us to measure the shapes of haloes accurately. We therefore use a more demanding criterion of a minimum halo mass of Mmin = 6 × 10 4 M . This corresponds to 500 dark matter particles and a comparable number of gas cells per halo.
ANALYSIS

Angular momentum
We calculate the angular momentum J(R) as a function of radius R Rvir for each minihalo in our simulation using the expression:
Here, ri is the position of the dark matter particle or the centre of the gas cell relative to the most bound cell within the virial radius, which we take to represent the centre of the halo, ri = | ri|, mi is the mass of the particle or cell, and vi is its velocity relative to the centre of the halo. Note that unless otherwise stated, our calculation of the angular momentum and the spin parameter (see below) includes both the gas and the dark matter.
Definition of the spin parameter
The angular momentum of our minihaloes varies significantly with halo mass, since more massive haloes contain more gas cells and dark matter particles, and typically have larger rotational velocities. Therefore, when dealing with haloes spanning a wide range of masses, it is more convenient to work in terms of a dimensionless spin parameter. The standard definition of this parameter, first introduced by Peebles (1969) , is simply
where E and M are the potential energy and mass of the halo, J is its angular momentum, and G is the gravitational constant. However, as pointed out by Bullock et al. (2001) , the total energy E can be difficult to calculate accurately when dealing with haloes in crowded regions, or with subsets of particles within haloes. Therefore, in our analysis, we use a modified definition of the spin parameter given by (Bullock et al. 2001) 
Here, i denotes the component of the halo that we are interested in (gas, dark matter, or the total matter content), Ji and Mi are the total angular momentum and mass of that component within a sphere of radius R, and Vcirc is the circular velocity of the halo
where M is the total mass of the halo within a sphere of ra-
This modified version of the spin parameter reduces to the original definition in the special case where we have a singular isothermal sphere and R = Rvir, and even in the more general case, λ and λ do not differ by more than a few percent when measured at the virial radius. In our analysis later in the paper, we typically calculate λ at the virial radius of the halo, using the notation λ ≡ λ (Rvir). However, in Section 4.3, we are interested in the value of λ in gas above some specified number density threshold n thres . In this case, we identify the radius of the sphere around the halo centre that contains all of the gas cells with n n thres and then compute the value of λ at this radius. For example, λ 100 is the spin parameter of all gas contained in a sphere with radius r100 that reaches out to the farthest gas cell with n 100 cm −3 . 
Distribution of the spin parameter
The next step after calculating the angular momentum and the spin parameter of a single halo is to investigate the statistical distribution over our minihalo sample. To ensure that we are dealing with well-resolved haloes, we restrict our attention to haloes more massive than Mmin 6.5 × 10 4 M . These haloes typically contain 500 or more dark matter particles and a comparable number of gas cells.
Our simulation contains 9020 haloes with M Mmin at our final output at z = 14. In Figure 1 , we show the distribution of the spin parameters for these haloes.
As one can see by comparing the red line to the blue histogram, the distribution can be well described by a lognormal function, as introduced by e.g. Mo, Mao & White (1998) or Bullock et al. (2001) :
Here, λ0 and σ0 are the location parameter and shape parameter of the distribution. In our simulation at z = 14, this log-normal fit peaks at λ = 0.0253. We have estimated the error in this peak value using bootstrap sampling, finding a one sigma value of around 2 × 10 −4 , or a fractional error of around 1%. At high redshifts, where our sample of minihaloes is much smaller, the error is considerably larger.
Our recovered peak value is consistent with that found by Sasaki et al. (2014) at a similar redshift, but is somewhat larger than the value of λ = 0.0184 found by de Souza et al. (2013) , and somewhat smaller than the value of λ = 0.04 found by Davis & Natarajan (2010) .
Triaxiality
In addition to the spin, we also examine the shape of each minihalo, as quantified by its triaxiality.
1 To calculate this quantity, we use all particles and gas cells that belong to the halo inside the virial radius R Rvir. We begin by introducing the inertia tensor I, following the definition from de Souza et al. (2013) and Springel, White & Hernquist (2004) :
Here, mi is the mass and ri is the distance to the halo centre of the i-th particle or gas cell, and δ jk the Kronecker delta. The eigenvalues (I1 I2 I3) of this inertia tensor then yield the lengths of the three principal semi-axes of the minihalo, a, b and c, via
where M is the total mass of the halo inside the virial radius. The axes a, b and c define an ellipsoid with a b c. The triaxiality is defined by Franx, Illingworth & de Zeeuw (1991) as
If a = b > c, then T = 0 and the halo is shaped like an oblate spheroid. On the other hand, if a > b = c, then T = 1 and the halo is shaped like a prolate spheroid. T is therefore a measure of the oblateness or prolateness of the halo. Figure 2 shows the distribution of the triaxialities of all minihaloes with M Mmin at z = 14. Although there is a broad distribution of values, we find that minihaloes tend to be more prolate than oblate. The histogram can be well described by a beta function:
Distribution of triaxiality
with shape parameters a and b, where T is the triaxiality as defined in Equation 10. The gamma function Γ ensures normalisation:
The best-fitting beta distribution has a = 3.35 and b = 1.89 and yields a most probable value for the triaxiality of T = 0.700. The fact that most high-redshift minihaloes appear to be prolate rather than oblate is in good qualitative agreement with the earlier studies of Jang-Condell & Hernquist (2001) and Sasaki et al. (2014) , although these dark-matteronly simulations find that the distribution of triaxialities peaks at an even larger value of T than we find here. Studies of the shapes of considerably more massive haloes also find that prolate haloes tend to be more common than oblate haloes (see e.g. Warren et al. 1992; Allgood et al. 2006 ).
RESULTS
We start our analysis by visually inspecting different halo types. Figures 3 and 4 show slices of number density in the x-y and z-y planes for a typical halo with λ = 0.0249 and M = 1.93 × 10 6 M and a low spin parameter halo with λ = 0.0055 and M = 3.03 × 10 6 M , respectively. In both cases, the state of the gas is shown at redshift z = 14. The top row of panels in the Figures shows the gas distribution in the x-y and z-y planes in the central 500 cpc/h around the most bound cell. The lower row of panels show a similar view for a larger region of size 3000 cpc/h around the most bound cell. Note that in both cases, the coordinate system is chosen so that the net angular momentum of the gas within the virial radius points along the z-axis. The coloured contour levels show number densities of 1 (black), 10 (blue), and 100 (red) in units of cm −3 . The black circle in the upper right corner has a radius equal to the gravitational softening length. It is clear that this is considerably smaller than the size of the region with n 100 cm −3 , demonstrating that the properties of gas at or below this density are not significantly affected by the gravitational softening. The white arrows represent the velocities of the cells.
In both cases, it is clear that the dense gas (n 100 cm −3 ) has formed a flattened, rapidly rotating structure whose major axis is approximately perpendicular to the axis of rotation. Although these structures are not completely rotationally supported and are too thick to be well described as classical thin disks, it is nevertheless convenient to refer to them as disks, and we will therefore do so in the remainder of this section. We examine the spins of these disks in more detail in Section 4.3 below.
Statistical properties
Evolution with time
First, we want to determine how the minihalo spin parameter distribution evolves with time. We have analysed the spin parameter distribution for well-resolved minihaloes (i.e. ones with M Mmin) at a number of different redshifts between z = 14 and z = 24. At all of the redshifts that we have analysed, the distribution is well-fit by a log-normal function. Therefore, in Figure 5 , we show for simplicity only these log-normal fits rather than the full distributions. The peak value of the spin parameter distribution of all haloes as a function of redshift is shown in Figure 6 . There is some hint of an increase in λ with decreasing redshift at z > 18, although this is barely statistically significant. At redshifts z 18, we find no significant redshift dependence of λ on z. These results are in good agreement with earlier studies that also found that the spin parameter of high redshift minihaloes depends only very weakly on z (Davis & Natarajan 2009; de Souza et al. 2013) .
We have also repeated this analysis for the triaxiality. In Figure 7 , we show the normalized beta distribution fits for the redshift range from z = 24 to z = 14. It is apparent from the Figure that the haloes become less prolate with decreasing redshift. This can be seen more directly if we look at the variation of the peak value of the fit as a function of redshift (Figure 8 ). This behaviour is likely a result of the rapid growth of structure at the earliest times: haloes that have recently undergone mergers will tend to be prolate, and the haloes in our high redshift snapshots will have undergone mergers more recently, on average, than those in the lower redshift snapshots. It is notable that similar results hinting at a decreasing triaxiality for decreasing redshift have also been found for much more massive haloes at low z (see e.g. Knebe et al. 2009 ).
Alignment of haloes
We are also interested in whether the angular momentum of neighbouring haloes is aligned in our simulation. If this was the case, it would hint at an underlying large-scale velocity field. Moreover, we expect the vast majority of the minihaloes in our sample to eventually merge into larger galaxies, and it is reasonable to expect that the outcome of these mergers will depend to some extent on the degree to which the spins of the minihaloes are aligned. We therefore study the angle α between the angular momentum of halo As computing αij is computationally costly when the number of halo pairs is large, we restrict our study to only the first ∼ 1000 most massive haloes at z = 14 and compute αij for all halo pairs with a separation of 50 ckpc/h or less. This yields a total of ∼ 10000 halo pairs. The histogram of the corresponding angles is shown in Figure 9 , along with the expectations for a random distribution (red line). It is clear that the distribution of angles in our simulation is consistent with a random distribution, and that there is no evidence for any correlation between the spin directions of neighbouring minihaloes on these scales.
Our sample of halo pairs is dominated by pairs with our largest allowed separation, 50 ckpc/h, and so we have also investigated whether decreasing this maximum separation significantly affects this result. We show in Figure 10 the mean angle between the angular momenta of all halo pairs with a separation smaller than d, plotted as a function of d. The error bars show the standard deviations of the alignment angle. We see that at all but the smallest separations, where there are too few minihaloes pairs to allow us to derive statistically meaningful results, the mean values are consistent with the value of π/2 expected for a random distribution. 
Correlation between the gas and the dark matter
So far, we have focussed on investigating the spin parameter and shape of all of the matter within each minihalo, drawing no distinction between the gas and the dark matter. However, it is also interesting to examine how well the spin and shape of all of these components considered separately reflects the spin and shape of the halo as a whole.
In Figure 11 we show 2D histograms of the distribution of the spin parameter for gas versus total matter (left panel) and for dark matter versus total matter (right panel). We see that the spin of the entire halo is well correlated with the spin of the dark matter component. This is expected, since the dark matter dominates the total mass of each halo. There is also a clear correlation between the spin of the gas and the total spin, but the scatter is much larger, and there is a hint that the gas tends to have slightly larger spin than the dark matter (see e.g. Teklu et al. 2015 , who find a similar result for lower redshift galaxies.)
We have also investigated the triaxiality of the gas and Figure 12 . Distribution of the triaxiality for the gas (red line), dark matter (black line) and for the combined halo (blue line) at a redshift of z = 14. The gas is significantly more prolate than the dark matter or the halo as a whole.
dark matter components. The best-fit beta-functions to the histograms for gas (red), dark matter (black) and the combined components (blue) are shown in Figure 12 . Once more, we observe a very similar behaviour of the dark matter component compared to the total halo, while the gas deviates slightly. This is again due to the fact that the halo is dominated by dark matter. For the halo as a whole, we find that the triaxiality distribution peaks at Ttot = 0.700 ± 0.004 (with a = 3.35, b = 1.89) and for the dark matter we recover a very similar value, T dm = 0.688 ± 0.004 (with a = 3.46, b = 1.99). For the gas, we find a shift towards more prolate states with Tgas = 0.768 ± 0.004 (with a = 3.69, b = 1.69).
Properties of the dense gas component
Our simulation not only contains gas and dark matter, but also treats the primordial chemistry accurately. Together with our high resolution throughout the whole simulation volume, this allows us to follow the cooling and gravitational collapse of gas in a large sample of minihaloes, up to densities n 100 cm −3 , above which a minihalo could be called star forming. Since the cooling, collapsing gas these minihaloes will eventually form stars, it is worthwhile to examine how closely the spin and shape of the collapsing dense gas component correlate with the properties of the halo as a whole.
To carry out this analysis, we first identified every minihalo in our z = 14 snapshot that contained at least 50 gas cells with densities greater than 100 cm −3 . Imposing this constraint reduced the number of haloes that we consider from 9020 in the original sample to only 169, but ensured that each halo contained enough dense gas to allow us to draw meaningful conclusions about its angular momentum content.
We next compute the spin parameter and triaxiality of the gas in each halo with density greater than a threshold value n thres for several different values of the threshold:
2 n thres = 1, 10, 50 and 100 cm −3 . As previously noted, to do this we first calculate the distance from the centre of the halo to the farthest cell with a density n n thres and then compute the spin parameter and triaxiality for all of the gas within a sphere with a radius equal to this distance. Therefore, in each case our compute values include some contribution from lower density gas, but in practice Figure 13 . Distribution of λ in gas denser than n thres , shown for n thres = 1, 10, 50, and 100 cm −3 . As we increase n thres , the peak in the distribution shifts to much larger values of λ . The dashed line shows the shape of the distribution for the full sample of 9020 haloes, rescaled by a factor of 169/9020 so that it can be directly compared to the distribution for the sub-sample of haloes containing dense gas.
the dominant contribution to both λ and T comes from gas with n n thres .
In a few haloes (especially the most massive ones), we found high density gas at a considerable distance from the centre of the halo, with an intervening low density region separating the two density peaks. These haloes are ones that are caught in the process of merging, and hence appear highly disturbed. In these haloes, we calculate the spin parameter and triaxiality only for the central density peak, as otherwise we recover an artificially high triaxiality and low spin parameter for the dense gas in these merging haloes.
Spin of the dense gas
In Figure 13 , we show the distributions of λ that we obtain for n thres = 1, 10, 50 and 100 cm −3 , which we denote as λ 1 , λ 10 , λ 50 and λ 100 , respectively. We see that as we increase n thres , the distribution shifts towards substantially larger values of λ , with the most probable value shifting from 0.025 for our full halo sample to 0.275 for the gas with n thres = 100 cm −3 . In addition, the shape of the spin parameter distribution changes -when n thres is large, it is no longer well-fit by a log-normal function. In our relatively small simulation volume, we do not find a single minihalo with very low spin parameter that could be linked to supermassive black hole formation (Eisenstein & Loeb 1995) . However, the number density of these objects is predicted by Eisenstein & Loeb (1995) to be small (fewer than 1 Mpc −3 ), and so we would not expect to find any within our simulation volume.
Since the dense gas in our haloes is generally contained within a region with a size that is significantly smaller than the virial radius of the halo, it at first seems plausible that the changes we observe in the distribution of λ with increasing n thres may simply reflect the fact that we are studying different spatial scales within our sample of haloes. However, further analysis shows that this does not explain the observed behaviour. Consider, for example, the case of gas with n 50 cm −3 . In this case, the typical distance between the centre of the halo and the furthest gas cell is approximately 10% of the virial radius. If we calculate the spin parameter for each the haloes in our full sample -even those that contain no dense gas -at this radius, using the total mass, then we recover a distribution that is very similar to the one we already computed for R = Rvir, and which differs substantially from the distribution we recover for n thres = 50 cm −3 (see Figure 13) . We can therefore conclude that it is the dissipative collapse of the gas that leads to the change in the distribution of λ , and not simply the fact that we are examining smaller scales.
Furthermore, we examine the density profile of the haloes and obtain on average a power-law distribution with of ρ ∼ r −2 . Similar to Gao et al. (2007) (who has a much better mass resolution), we find no correlation between the slope of the density profile and the spin of a halo.
Shape of the dense gas
We also want to investigate whether the shape of the cold, dense gas in the centre deviates from the shape of the halo at the virial radius. To do so, we calculate the triaxiality for the different number density thresholds and plot the resulting distributions in Figure 14 . For comparison, we also show the shape of the triaxiality distribution for our full sample of haloes.
When n thres = 1 cm −3 , we find that the gas has a prolate shape in most of the haloes, and that the triaxiality distribution is broadly similar to the distribution for the full halo sample. However, for higher density thresholds, the gas becomes more oblate, as it settles into a rotationallysupported disk-like structure (compare also to Figure 3 ). This is in agreement with Gao et al. (2007) , who find oblate central gas clouds in most of their halo realizations. 
Correlation between spin and shape
To better understand how the shape and angular momentum of a halo depend on each other, we investigate the correlation of the triaxiality and spin parameter for different number density thresholds. In Figures 15 and 16 , we show the correlation of the spin parameter and triaxiality for cold gas for a low (n thres = 1 cm −3 ) and a high (n thres = 100 cm −3 ) number density threshold. Both plots are dominated by scatter. For the low number density threshold, we cannot see any trend. For the high density threshold, however, a larger triaxiality seems to correlate with a low spin parameter. The Figure 17. Spin parameter of the entire halo plotted against the dense gas spin parameter with a number density threshold n thres = 100 cm −3 . The points are colour-coded by the halo mass.
interpretation of this result is intuitive: elongated gas clouds have a lower angular momentum than gas clouds that have settled into a (rotating) disk.
Does the spin of the dense gas depend on the spin of the halo?
We have already seen that the spin distribution of dense gas in our sample of minihaloes differs significantly from the spin distribution of the full minihalo sample. However, this result says nothing about whether there is a correlation within individual haloes between the spin parameter measured at the virial radius and the spin parameter in the dense, collapsed gas. To explore whether such a correlation exists, we show in Figure 17 the spin parameter for the halo as a whole (λ tot ) versus the spin parameter for gas with n > 100 cm −3 (λ 100 ) for each of the haloes in our sample that contain dense gas. The individual points are colour-coded by the halo mass.
The Figure shows quite plainly that there is no correlation between the spin parameter measured on the scale of the virial radius and the spin parameter measured for the dense gas component. Moreover, this result is independent of the halo mass (at least for the range of masses studied here). In addition, we have also investigated whether there is a correlation between the spin of the gas component measured for the whole halo and the spin for n thres = 100 cm −3 . We find in this case very similar results to those shown in Figure 17 , namely that there is no clear correlation between the spin of the gas on the halo scale and the spin of the dense gas component.
One possible concern is that by imposing a density threshold, we may be picking out structures with different scales in different haloes. If λ varies monotonically as a function of scale within a given halo, as we would expect if the gas were to conserve angular momentum during its collapse, then by picking out different scales in different haloes, we run the risk of obscuring any underlying correlation. To check that this is not the case, we analysed all of our haloes with n thres =100 cm −3 Figure 18 . Angle between the total gas and dense gas components for several density thresholds.
dense gas at a scale R = 0.068 Rvir, corresponding to the most probable value of r100. We find that in this case there is still no correlation between the spin parameter measured on the scale of the virial radius and the spin parameter measured on small scales, meaning that there is no simple way to use the former to predict the latter.
Spin alignment of the dense gas
Finally, we examine whether the angular momentum vector of the dense gas is aligned with that for the total gas. In Figure 18 , we show the angle between these two vectors for several different values of n thres . We find that the rotational axis of the dense component is well aligned with that for the total gas. Although the alignment is not perfect, in most of the haloes containing dense gas the difference in alignments is only around 20
• . In addition, we see that the distribution of alignments is largely independent of n thres , suggesting that the direction of the angular momentum vector does not vary strongly during the collapse of the gas.
CONCLUSIONS
In this study, we have analysed 9020 minihaloes with masses greater than Mmin = 6.5 × 10 4 M , taken from a high resolution cosmological simulation. We have studied the spin and shape of these haloes, as quantified by the spin parameter λ and the triaxiality T , at a range of different redshifts between z = 24 and z = 14. In addition, we have examined how the spin and shape change as we move from considering the halo as a whole to the dense, cooling gas at the centre of the halo that will ultimately form stars. This allows us to investigate whether the properties of these dense sites of future star formation are correlated with the large-scale properties of the halo in which they are located.
Our main results can be summarized as follows:
• The distribution of the spin parameter over all haloes with M > Mmin can be described by a log-normal distribution with a peak value of λ = 0.0262 ± 0.0002 at z = 14.
• The distribution of triaxialities in this same set of haloes is well described by a beta distribution with parameters a = 3.35, b = 1.89 and a peak (i.e. most-probable) value of T = 0.700 at z = 14. The majority of the minihaloes are therefore prolate.
• The spin parameter distribution does not evolve significantly with redshift between z = 24 and z = 14. On the other hand, the triaxiality distribution evolves with redshift, with minihaloes formed at high redshifts being more prolate, on average, than those formed at low redshift.
• On the scale of the virial radius, the spin and shape of the dark matter component agrees well with the values for the halo as a whole. This is not surprising, since the mass of the halo is dominated by the dark matter. The spin of the gas component on this scale correlates reasonably well with that of the halo, albeit with some scatter, but the gas is typically more prolate than the dark matter.
• When we look at dense gas, we see that the spin increases rapidly and becomes more oblate for higher densities. Even for a relatively low density threshold of n thres = 1 cm −3 , the spin distribution cannot be described by a log-normal function. For a much higher number density threshold of 100 cm −3 , the spin parameter peaks around λ 100 ∼ 0.25.
• The triaxiality of the gas is largely independent of the spin parameter. However, if we look at gas with a number density n n thres = 100 cm −3 , there is a weak inverse correlation between λ and the triaxiality: dense gas distributions with smaller spins are more prolate than those that are spinning more rapidly.
• The alignments of the spins of nearby haloes are uncorrelated: for halo pairs with separations 50 ckpc/h, the results are consistent with a random distribution.
• There is a good correlation between the alignment of the total angular momentum vector of a halo and the angular momentum of the cold dense gas that it contains, although this correlation weakens as we move to higher densities.
• The spin parameter of the dense gas is uncorrelated with the spin parameter of the halo as a whole. This means that we cannot use halo-scale measurements of the spin to predict its behaviour on smaller scales.
Our results demonstrate that the assumption made by de Souza et al. (2013) in their model for the Population III IMF, namely that the spin of the dense gas on small scales is well correlated with the spin parameter of the halo, is not correct: there is no clear correlation between these quantities. In the future, it would be interesting to follow a statistical ensemble of minihaloes to even higher densities to establish whether we ever reach a point at which the spin parameter distribution becomes independent of density.
There are several additional directions in which this work could be pursued in the future. For example, the spin and shape of minihaloes has not yet been studied in cosmological simulations of regions of the Universe in which there is a non-zero initial streaming velocity of the baryons with respect to the dark matter, or where there is a non-negligible Lyman-Werner background. It would be interesting to see whether either of these effects has a substantial impact on the spin distribution of the gas or its shape. In addition, the presence of a dynamically significant magnetic field may also increase the spin parameter of the dense gas (Hirano & Bromm 2018) , and so it would be interesting but challenging to carry out a similar study with a magnetohydrodynamical treatment that accounts for the growth of magnetic fields via the turbulent dynamo in these high-redshift minihalos. However, this is out of the scope of our current study.
Another interesting avenue for further study is the relation of the angular momentum of individual minihaloes to the large-scale structure of the Universe or the gas infall rate (Stacy & Bromm 2014 ). There are indications from dark matter only simulations that the spin parameter distribution depends on the local clustering of galaxies (Davis & Natarajan 2009 ). In more clustered regions, mergers will occur more frequently, leading to minihaloes developing larger spins. However, the impact of this on the angular momentum of the gas component is harder to predict and has not been explored on these scales.
In addition, we know that the spin of present day galaxies is correlated with the underlying cosmic shear field. Tidal torque theory shows that small galaxies tend to align along the filaments in which they form, while larger galaxies show azimuthal orientation (see e.g. Codis, Pichon & Pogosyan 2015; Pahwa et al. 2016) . It would be interesting to see whether this "spin flip" can be seen already in minihaloes, which are still in the process of forming from the filaments in the dark matter distribution. We will investigate all of these issues in future work.
